The drinking water quality changes during the transport through distribution systems. Domestic drinking water systems (DDWSs), which include the plumbing between the water meter and consumer's taps, are the most critical points in which water quality may be affected. In distribution networks, the drinking water temperature and water residence time are regarded as indicators of the drinking water quality. This paper describes an experimental research on the influence of stagnation time and temperature change on drinking water quality in a full-scale DDWS. Two sets of stagnation experiments, during winter and summer months, with various stagnation intervals (up to 168 h of stagnation) were carried out. Water and biofilms were sampled at two different taps, a kitchen and a shower tap. Results from this study indicate that temperature and water stagnation affect both chemical and microbial quality in DDWSs, whereas microbial parameters in stagnant water appear to be driven by the temperature of fresh water. Biofilm formed in the shower pipe contained more total and intact cells than the kitchen pipe biofilm. Alphaproteobacteria were found to dominate in the shower biofilm (78% of all Proteobacteria), while in the kitchen tap biofilm Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria were evenly distributed.
An experimental study on the influence of water stagnation and temperature change on water quality in a full-scale domestic drinking water system 
Introduction
The Dutch drinking water industry places the highest priorities in supplying adequate quantities of safe drinking water to its consumers. The so-called "Dutch secret" includes the following steps: 1) employing the best sources available; 2) applying the most efficient and state-of-the-art treatment technologies; 3) preventing re-contamination during distribution, by keeping the leakage rate low (<3%) and avoiding very low or negative pressures; 4) preventing re-growth of microorganisms, by production of biologically stable water (i.e. nutrient limited) and application of biostable materials (Van der Kooij, 2000) ; 5) optimization and maintenance of distribution networks (self-cleaning networks and regular flushing of networks) (Vreeburg and Boxall, 2007) ; 6) statuary monitoring of produced and delivered drinking water. All these approaches have resulted in a low average frequency of interruptions affecting customers (on average 7.5 min per connection per year), 99.9% of samples that are in compliance with the Dutch drinking water standards (ILT, 2015) and a high level of consumer trust and satisfaction with regards to the drinking water quality, where over 95% of the Dutch population consumes water from the tap (de Moel et al., 2006; Smeets et al., 2009) . However, given the complexity of processes occurring during the water transport through distribution systems, the quality of drinking water may deteriorate, leading to hygienic (growth of pathogens and opportunistic pathogens), aesthetic (taste and odour) and operational problems (corrosion and discoloration) (Berry et al., 2006; Moerman et al., 2014; Van der Kooij, 2000; Van der Kooij and van der Wielen, 2013, Vreeburg and Boxall, 2007) .
The domestic drinking water system (DDWS), being a portion of the distribution system that includes the plumbing between the water meter and consumers' taps, is the final stage in a drinking water supply system. DDWSs are characterized by long sections of small-diameter piping. For example, a study in Columbia showed that DDWSs and service pipes had~80% of the total pipe length and 25% of the overall surface area, and contained~1.5% of the total volume in the whole water distribution system (Brazos et al., 1985) . This high surface area to volume ratio may lead to increased chemical leaching from pipe materials, enhanced biofilm formation, and greater decay rates of the disinfectant residual (Brazos et al., 1985; Rossman et al., 1994) . The Netherlands is one of the few countries where drinking water is distributed without a residual disinfectant and, as stated before, prevention of microbial growth in drinking water distribution systems is accomplished by the production of biologically stable water, with low concentrations of assimilable organic carbon (AOC<10 mg/L). However, despite the low concentrations of organic carbon that can be utilized by microorganisms, microbial growth may happen both in distribution networks and DDWSs. In addition to this, a recent study showed that opportunistic pathogens were more frequently found in the samples from DDWSs than in the samples from the distribution networks in The Netherlands (Van der Kooij and van der Wielen, 2013) , which proves the importance of DDWSs in the entire process of safe drinking water supply.
The drinking water temperature is an important factor to consider when assessing water quality, as it is known to affect chemical and microbiological processes within the distribution phase (Boulay and Edwards, 2001; LeChevallier et al., 1996a; 1996b; Li and Sun, 2001; Sarver, 2010; Singh and Mavinic, 1991; Uhl and Schaule, 2004; Van der Kooij, 2003) . In the Netherlands, the temperature of drinking water in distribution networks varies from a few degrees Celsius in the winter to about 20 C in summer months (Van der Kooij and van der Wielen, 2013) . Once the drinking water is delivered to a DDWS, thermal equilibrium between stagnant water and surrounding air/walls takes place. For instance, as indicated by a temperature model (Moerman et al., 2014; Zlatanovic et al., 2017) and as confirmed by measurements in the present study, the rate at which the drinking water is being warmed up to the room temperature is~0.1 C per minute. According to existing standards for thermal environmental conditions for human occupancies, the operative room temperatures should be 20e23.5 C in winter and 23e26 C in summer (ANSI-ASHRAE, 1992) . If those guidelines are followed, the difference between water temperature in cold water installations and water temperature in distribution networks could even be about 20 C during winter seasons, which may result in an increase in biological activity in DDWSs ( Van der Kooij, 2003) .
Long residence times which may vary from 2 to 30 days depending on the population size, is known to promote microbial growth in water distribution networks (Bartram, 2003) . When it comes to DDWSs, water can further stagnate in pipes for hours, days or even weeks before being consumed. Only a limited number of studies investigated the influence of stagnation on water quality in experimental and real DDWSs (Lautenschlager et al., 2010; Lehtola et al., 2007; Lipphaus et al., 2014; Prest et al., 2013; Zhang et al., 2015) . Lehtola et al. (2007) covered the impact of various stagnation intervals (40 mine16 h) on water quality in two experimental rigs, one made of copper and the other made of plastic (polyethylene) pipes. In both rigs, water stagnation (with an average temperature of fresh water of 13.9 C) resulted in an increase in the total cell concentrations (TCC) and heterotrophic plate count bacteria (HPC). Lautenschlager et al. (2010) and Prest et al. (2013) studied the impact of overnight stagnation on microbial quality of unchlorinated water, sampled at different household taps in Dübendorf, Switzerland. Both studies found out that the overnight stagnation induces microbial growth in DDWSs, while Lautenschlager et al. (2010) also observed a change in microbial community composition after the overnight stagnation. Looking at the temperature of fresh water in the studies, Lautenschlager et al. (2010) included the information on fresh water temperature (average 9.1 C), while Prest et al. (2013) did not report the ranges of fresh water temperatures. Lipphaus et al. (2014) and Zhang et al. (2015) also reported that water stagnation leads to increased cell concentrations and higher bacterial community metabolic activity in chlorinated water during winter months. Apart from the fact that sampling campaigns were carried out in winter months, all listed studies did not enclose information on materials of the DDWSs from which the stagnant water samples were taken. Hence, the overall conclusion that overnight stagnation results in induced microbial activity and increased microbial concentrations might not be applicable to drinking water with higher temperatures (during warmer periods) and to all plumbing materials.
Even though the water temperature and water residence time are regarded as water quality indicators in distribution networks, little is known about their joint influence on the water quality in DDWSs. To assess the impact of the stagnation time (i.e. up to 168 h of stagnation) and temperature effect on chemical and microbial quality in more detail, two sets of stagnation experiments (winter and summer) were carried out in a full-scale copper DDWS.
To study the influence of fresh water temperature on microbial activity in the stagnant water, long-term experiments with the stagnation time of 10 h (overnight stagnation) were performed over a study period of eight months. The main aim of this research was to assess the extent to which the two "surrogate" indicators for water quality (temperature and stagnation) contributes to the alteration of the drinking water quality in DDWSs.
Materials and methods

Description of the experimental rig
To examine the influence of stagnation time and temperature effect on water quality at tapping points in a DDWS, a full-scale DDWS was built using copper pipes (Supplemental Fig. S1 ).
The design of the experimental plumbing rig was done according to a plan of a two storey house (Typical Dutch House). Inside a Typical Dutch House, there are three locations where plumbing pipes go: kitchen, bathrooms/toilets, and laundry/water Fig. S2 . The total length of the pipes is 48.6 m and the volume of the plumbing rig is 6 L.
To mimic a realistic drinking water consumption at the household level, the test rig comprises 11 solenoid valves (point of use) per system. The valves were configured to run automatically (on and off mode) according to the one-year demand patterns (time step of 10 s) generated by SIMDEUM model (SIMulation of water Demand, an End-Use Model). SIMDEUM model is a stochastic model that is grounded on statistical information of water appliances and water consumers (Blokker et al. 2006 (Blokker et al. , 2010 . In this research, the SIMDEUM demand patterns of a two-person household were used.
Results from a study that was done in Finland (Lehtola et al., 2004) revealed that copper had an effect on heterotrophic plate counts (HPC) and biofilm composition only in the first 200 days, and thus in this research, a stabilization period of 210 days was considered before the experimental start-up. During the stabilization period, every tap in the experimental rig was flushed twice a day for 5 min at least four times a week.
Stagnation experiments
Winter and summer stagnation experiments were one time experiments, in which water was allowed to stagnate in the test rig for 40 min, 4 h, 10 h, 24 h, 48 h, 96 h and 168 h. Before each stagnation interval, water was flushed through the system by opening the solenoid valves for 5 min, at a flow rate between 20 and 30 L/min. After flushing the pipes, samples of fresh water were collected at the inlet point, cold kitchen and cold shower taps.
The quality of water at the shower tap was measured because the shower tap is less frequently used than the kitchen tap (according to the stochastic demand patterns that were applied to run the system). Moreover, in the Netherlands, the quality of water at every tap in a house must comply with the drinking water standards (StateJournal, 2011) . The water at the inlet point was sampled to assess the difference, if any, in fresh water quality between the inlet point and the points of use in the DDWSs.
After collecting fresh water samples, water was allowed to stagnate in the plumbing rig for 40 min, 4 h, 10 h, 24 h, 48 h, 96 hand 168 h. After every stagnation interval, water samples (i.e. stagnant water) were taken at two sampling taps: kitchen tap and shower tap. To examine the influence of different stagnation times on water quality parameters, the entire volume of stagnant water was collected (1.05 L for the kitchen tap and 0.7 L for the shower tap). Stagnant water samples were collected into a sterile bottle and then transferred into sampling cups for further analysis. Samples were stored on ice in a cooler for maximum 12 h until analysis at Het Waterlaboratorium in Haarlem, The Netherlands.
To examine the influence of fresh water temperature on the quality of the drinking water that is left for the overnight stagnation of 10 h, long-term experiments were carried out, using the previously described approach. Sampling campaigns for fresh and 10 h stagnant water were done every two weeks, for the study period of 8 months.
Water and biofilm analysis
After eight months of the stagnation experiments, the system was run for additional six months (total 430 days after the experimental start-up). After that period kitchen and shower pipes (3 times 20 cm long pipe specimens) were cut from the experimental rig. The pipe specimens were filled with sterilized water and were closed by autoclaved silicone rubber stoppers and were sealed with ethanol swabbed parafilm. Biofilms were detached by three consequent cycles of low energy ultrasonic treatments, with 2 min per ultrasonication cycle, before further analysis (Magic-Knezev and van der Kooij, 2004) . The biofilm results were normalized with respect to the surface area of the pipes (cm 2 ) and measured volumes (mL).
After acidification with hydrochloric acid, the concentrations of copper and zinc in fresh and stagnant water were determined by Inductively Coupled Plasma mass spectrometry (ICP-MS) in triplicates. The detection limit of this method was 0.1 mg/L. The standard deviation (SD) of the measurements was less than 2.5% for copper and less than 2.8% for zinc.
The content of total organic carbon (TOC) in water samples was determined in duplicates based on the combustion catalytic oxidation/NDIR method (TOC-V CPH, Shimadzu, Duisburg, Germany), based to the Dutch standard procedure NEN-EN-1484 (NEN, 1997), with the detection limit of 10 mg/L. The SD of the TOC measurements was less than 2%.
The number of culturable bacteria in water and biofilm samples was determined by the HPC method which was performed following the Dutch guidelines for drinking water NEN-EN-ISO 6222 (NEN, 1999) . The SD of HPC triplicate measurements was less than 5%.
The process of staining for total (TCC) and intact (ICC) cell counts and flow cytometry (FCM) measurements were done in triplicates for water and biofilm samples according to the protocol which was identified previously (Hammes et al., 2008 (Hammes et al., , 2011 Nakamoto et al., 2014; Vital et al., 2012) . Two subgroups of bacteria can be distinguished by the FCM method, such as bacteria with low nucleic acid content (LNA) and bacteria with high nucleic acid (HNA). The distinction between these two subgroups is based on the fluorescent intensity and sideward scatter signals, which indicate the actual nucleic content and cell size, respectively Wang et al., 2010) . The standard deviation of the FCM measurements was less than 4%.
Total adenosine triphosphate (ATP) concentration in water and biofilm samples was measured in triplicates by employing the reagent kit for bacterial ATP (Celsis; Brussels, Belgium) and a luminometer (Celsis Advance™, Celsis, Netherlands) according to the protocol described in a study (Magic-Knezev and van der Kooij, 2004) . The standard deviation of the ATP triplicate measurements was less than 4%.
The cultivation-independent investigation of microbial diversity and richness of water and biofilm was done by next generation sequencing at KWR in Nieuwegein, The Netherlands. Collected samples (250 mL of fresh water samples and 30e45 mL of suspensions obtain by sonication of biofilm samples) were filtered through polycarbonate membrane filters with a pore size of 0.2 mm to concentrate bacterial cells. The bacterial cells were lysed by a combination of lysis buffer and bead-beating. The V3-V4 region of the bacterial 16S rRNA genes was PCR-amplified and processed.
Paired-end sequences were generated on the Illumina MiSeq system using the 2 Â 300 cycles protocol and paired-end sequences were merged, using FLASH (Mago c and Salzberg, 2011) and all subsequent analyses were performed using the version 7.5 of the Bionumerics software (Applied Maths, Sint-Martens-Latem, Belgium). Quality filtering was based on PHRED scores by excluding sequence reads with a minimal score of 20 and excluding reads with an average quality below 30. The final sequences were identified against the Silva taxonomic database (Pruesse et al., 2007; Yilmaz et al., 2014) .
Statistical analysis
Statistical analysis was carried out to determine if the measured data sets (copper, zinc, HPC, TCC and ATP values) from fresh water at three different taps (inlet, kitchen and shower) were significantly different. The data that were found to be normally distributed were tested by the t-test, while in the case of the non-normal distributed nonparametric tests (Kruskal-Wallis tests) were performed. The statistical analysis was done using the Minitab 17 statistical software. In this study, differences were considered to be significant if the p-value was less than 0.05. Data were plotted according to the box plot methodology (Tukey, 1977) .
Results
Fresh water
According to Kruskal-Wallis test, no difference was found between all fresh water samples coming from the inlet tap, kitchen tap and shower tap for all examined parameters. The quality parameters of fresh water delivered to the study site during the winter and summer experiments are presented in Fig. 1A -G. The temperature of fresh water samples was 6e8 C during the winter experiments and 21.5e23 C during the summer experiments. Ambient temperature around the DDWS was measured to be 16e20.5 C during the winter experiments and 19.5e26 C during the summer experiments.
The average copper concentration in fresh water samples (Fig. 1A) was 30 mg/L (range 10e50 mg/L) during the winter experiments and 50 mg/L (range 20e90 mg/L) during the summer experiments, respectively, while the average measured zinc content in fresh water samples (Fig. 1B ) was found to be around 7 mg/L (range 5e26 mg/L), both in the winter and in the summer experiments.
The total organic carbon (TOC) is one of the most commonly applied measures to indicate the natural organic matter (NOM) Fig. 1 . Box-plots of water quality parameters: A) Cu, B) Zn, C) TOC, D) HPC, E) ATP, F) TCC, G) ICC for fresh drinking water samples (inlet, kitchen and shower taps), during winter and summer experiments (n ¼ 21), * -maximum outlier.
concentration that is present in a water sample. The average content of TOC in fresh water samples during the winter experiments was 1.89 mg/L (range 1.83e2.06 mg/L) (Fig. 1C) , while the average concentration of TOC in fresh water samples during the summer experiments was 1.43 mg/L (range 1.37e1.52 mg/L), respectively.
The general microbial quality of drinking water is monitored with HPC analysis. As can be seen from Fig. 1D , the average HPC concentration during the winter experiments was 10 CFU/mL (range 5e31 CFU/mL) and was considerably lower than the average HPC concentration during the summer experiments of 130 CFU/mL (range 65e310 CFU/mL).
Adenosine triphosphate (ATP) represents the main energy carrier molecule and is detectable and measurable in all living cells. As shown in Fig. 1E , ATP concentrations during the winter experiments can be considered low, as the average ATP concentration was 1 ng/L (range 1e2 ng/L). During the summer experiments, however, ATP concentrations were somewhat elevated, with the average value of 5 ng/L (range 3e7 ng/L).
The total number of cells in fresh water samples during the winter and summer experiments (Fig. 1F ) was in the range from 1.6 Â 10 5 cell/mL to 2.15 Â 10 5 cell/mL and from 2.7 Â 10 5 to 3.5 Â 10 5 cell/mL, respectively. Though water is distributed without residual disinfectant in the Netherlands, it was found that onlỹ 25% of total cells in fresh water were intact during the winter experiments and~45% of total cells were intact during the summer experiments (Fig. 1G) . In addition to this, the percentage of intact cells with high nucleic acid content (ICC-HNA) among total intact cells during the winter and summer experiments was~33% and 56%, respectively.
Stagnant water
In Fig. 2 measured copper concentrations during the winter and summer stagnation experiments are summarized. The concentrations of copper in stagnant water samples increased with the stagnation time during both sets of experiments. During the winter experiments, maximum copper levels of 1370 mg/L and 1680 mg/L were assayed after 48 h of stagnation in water samples from the kitchen and shower tap, respectively. During the summer experiments, maximum copper levels of 1140 mg/L in a kitchen tap sample, and 1470 mg/L in a shower tap sample, were reached after 24 h of stagnation. After peaking, the concentrations of copper were found to decrease.
Levels of zinc concentrations during the stagnation experiments are summarized in Fig. 3 .
Similar to the copper leaching during the stagnation experiments, the concentrations of zinc in water samples increased with the stagnation time in both winter and summer experiments.
Maximum zinc concentrations of 180 mg/L in a water sample from the kitchen tap and 100 mg/L in a water sample from the shower tap were reached after 48 h of stagnation during the winter experiments. During the summer experiments, maximum zinc concentrations of 200 mg/L and 100 mg/L were measured after the 24 h of stagnation in the kitchen and in the shower samples, respectively. After peaking, the concentrations of zinc were found to decrease.
The distribution of TOC concentrations over the stagnation time is presented in Fig. 4 .
As is evident from Fig. 4 , TOC concentrations decreased with the stagnation time during both sets of experiments (winter and summer), and the highest reduction in the TOC content was detected after 168 h of stagnation (30% during the winter and 15% during the summer experiments, respectively).
During the winter experiments, the number of heterotrophic bacteria increased with stagnation time, in both kitchen and shower tap samples (Fig. 5A) . Stagnation time of 168 h resulted in a 100 and 200-fold increases in the HPC levels in water sampled from the kitchen and shower tap, respectively, compared to the HPC levels after 40 min of stagnation in the winter experiments. During the summer experiments (Fig. 5B) , the HPC levels in stagnant water were scattered, with a random increase and/or decrease after different stagnation intervals for two examined taps. Fig. 6 shows ATP profiles that were measured during the stagnation experiments.
The results demonstrate a 4e8-fold increase in the ATP concentrations in the water samples after 10 and 24 h of stagnation during the winter experiments for both kitchen and shower taps. After 48of stagnation, differences in the ATP concentrations were observed in the samples from the two considered taps. In water samples from the kitchen tap, a reduction in the ATP levels was observed after 48 h of stagnation, while in the shower water samples the ATP concentrations continued to increase. The ATP profile during the summer experiments shows that no increase in microbial viability was measured, except for the shower water samples after 96 h of stagnation. Here, a 2-fold increase was measured after 96 and 168 h of stagnation time.
In Fig. 7 , the influence of stagnation time on the intact bacterial cell concentrations is presented.
During the winter experiments, water stagnation resulted in increased ICC concentrations, as a 2-fold increase in the ICC was measured after 10 h of stagnation (Fig. 6A) . During the summer experiments, on the contrary, water stagnation resulted in a reduction in the ICC in the kitchen tap samples, i.e. a 5-fold reduction was measured after 168 h. In the shower tap samples, a steady decrease in the ICC was initially observed, i.e. a 3-fold reduction in the ICC was found after 48 h of stagnation. After 96 and 168 h, elevated ICC were measured compared to the results of 48 h of stagnation, which coincides with the ATP measurements (Fig. 6B) . The HNA/LNA footprint of all stagnant water samples didn't change considerably during the summer stagnation experiments (50% of ICC bacteria were ICC-HNA bacteria), while during the winter experiments an increase of up to 2.5-fold was observed in ICC-HNA cells in the stagnant water samples.
Influence of water temperature and overnight stagnation on microbial properties of drinking water e long term experiments
In Fig. 8 , a change in microbial parameters after the overnight stagnation is given, which was assessed by FCM, ATP and HPC measurements.
As presented in Fig. 8A , the overnight stagnation of 10 h led to an increase in ICC and ATP concentrations, i.e. up to 1.5-fold increase in ICC concentrations and up to 7-fold increase in ATP levels were measured (Fig. 8A) , if the fresh water temperature was lower than 17 C. However, if the fresh water temperatures were higher than 17 C, the overnight stagnation resulted in a reduction in ICC and ATP concentrations, up to 2-fold and 5-fold, respectively. A similar observation was made with HPC measurements (Fig. 8B) , while here the critical fresh water temperature for the shift in the increase and/ or decrease in HPC concentrations was around 16 C, which coincides with the critical temperature of 17 C of ICC and ATP.
Biofilm measurements
Biofilm characteristics from two different pipes (kitchen and shower), were quantified by FCM, ATP and HPC measurements (Table 1) and cultivable bacteria in the biofilms were 12 pg/cm 2 and 6 CFU/ cm 2 for the kitchen pipe and 11 pg/cm 2 and 3 CFU/cm 2 for the shower pipe, respectively. According to the sequencing analysis, Proteobacteria were identified as the most dominant phyla in both water and biofilm samples, ranging from 61% to 80%. Proteobacteria in the water samples were represented by 57% of Alphaproteobacteria, 25% of Betaproteobacteria, 7% of Gammaproteobacteria and 10% of Deltaproteobacteria. Interestingly, a different composition of Proteobacteria was observed in the biofilm samples from the kitchen and shower pipes. In the kitchen biofilm sample Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria were evenly distributed (38%, 33% and 28%, respectively). In the shower tap sample the most dominant members of Proteobacteria were Alphaproteobacteria (78%), while the abundance of Betaproteobacteria and Gammaproteobacteria was considerably lower, 7% and 14%, respectively.
Discussion
In this research, a full-scale copper DDWS, which was run according to stochastic demand water patterns, was used to study the influence of different stagnation intervals on water quality. Two individual experimental sets (winter and summer) were carried out to examine the seasonal effects on fresh and stagnant water quality.
Fresh water
The concentrations of copper in fresh water samples were, on average, 20 mg/L higher during the summer experiments (Fig. 1A) .
As water passed through copper pipes before the inlet point, the discrepancy of 20 mg/L in the copper levels between winter and summer samples could be related to the leaching of copper under higher temperatures from the copper pipes before the experimental rig. However, the measured copper levels in fresh water samples during both winter and summer were found to be below the guideline value proposed by WHO (2 mg/L) and therefore they could pose a negligible risk to human health (WHO, 2004) . The concentrations of zinc in fresh water samples (Fig. 1B) were in the same range during the winter and summer experiments. Even though there is no health-based guideline value for zinc in drinking water, at zinc concentrations above 3 mg/L an undesired colour and taste can develop (WHO, 2003) . In this research, the measured zinc concentrations in fresh water samples were far below the proposed aesthetic guideline.
The total organic carbon concentration in fresh water samples was, on average, 0.45 mg/L, higher in the winter experiments than in the winter experiments (Fig. 1C ), which agrees with findings from a recent research in which seasonal variations in TOC concentrations in treated water are presented (Prest et al., 2016b) . The variations in the TOC content may be attributed both to the seasonal differences in organic matter in raw (surface) water (Herzsprung et al. 2012 , Ledesma et al., 2012 and decreased organic carbon removal efficiency of GAC filters at lower water temperatures (Melin et al., 2002; Schreiber et al., 2005) .
The differences in microbial parameters in fresh water, measured by HPC, ATP and FCM methods (Fig. 1DeG) , were also observed between winter and summer months. For example, significantly higher HPC concentrations in fresh water were measured during the summer experiments, i.e. up to 300 CFU/mL (Fig. 1D) , exceeding the Dutch official guideline of 100 CFU/mL in distribution networks. Elevated HPC concentrations during the summer experiments may be linked to higher drinking water temperatures, which was also documented in a study on HPC growth in an unchlorinated water system in Germany at the end of a hot summer (Uhl and Schaule, 2004) . ATP concentrations in fresh water samples (Fig. 1E) were also higher during the summer experiments than in the winter experiments, which coincides with findings from two studies about unchlorinated water systems (Prest et al., 2016b; van der Wielen and van der Kooij, 2010) .
Measured TCC and ICC concentrations ( Fig. 1F and E) fall within the range of TCC and ICC concentrations in unchlorinated drinking water samples Liu et al., 2013; Prest et al., 2016b) . The concentrations of TCC and ICC were significantly higher in the summer experiments than in the winter experiments, and such seasonal variations were also observed by Prest et al. (2016a,b) in the effluent of a drinking water treatment plant. In addition to this, we also observed that percentage of intact cells with high nucleic content (ICC-HNA) were lower in the winter than in the summer experiments (~33% and~56%, respectively), which can be attributed to seasonal changes in the abundance of HNA fraction in surface water (Liu et al., 2016) . The shift in HNA/LNA community can be one of the reasons for the elevated ATP concentrations in fresh water samples during the summer experiments, as a previous study showed that an increase in HNA content could be related to a 4-fold increase in ATP concentrations . This is because the HNA bacteria are larger cells with a 10-fold higher ATP-per-cell content than LNA bacteria (Wang et al., 2009 ).
Stagnant water
First of all, we have to point out that the winter and summer stagnation experiments were carried out as "one-time experiments", whereas all measurements were done in duplicates or triplicates. The standard deviation of measurements was less than 5% for all examined parameters. Looking at the box-plot results for fresh water samples (21 water samples per experiment were taken on different days), it can be seen that the results are close to each other (Fig. 1) , indicating a high level of measurements' stability. On the other hand, from the stagnant water results (Figs. 2e7) , it can be noticed that the results fell outside the whiskers for fresh water. Based on the stability of the measurements for fresh water, we concluded that stagnation led to changes in water quality parameters, while the change in microbial quality parameters was mainly influenced by the temperature of fresh water and/or seasonality effect.
The copper concentrations increased with the stagnation time (Fig. 2) , which is in line with previous studies on the influence of stagnation on copper leaching from copper pipes (Lehtola et al., 2007; Lytle and Schock, 2000; Merkel et al., 2002) . The difference in copper levels between samples from the kitchen and shower tap (~300 mg/L) might be a result of the microclimate around the experimental DDWS, as the ambient temperature is higher on higher floors, i.e. the ambient temperature on the 1st floor (where the shower tap is located) was 1.1 ± 0.3 C higher than the ambient temperature on ground floor (where the kitchen tap is placed). The microclimate in real systems, however, is different and is dependent on the human thermal comfort in the built environment (Rupp et al., 2015) . Moreover, the profile of copper leaching was found to be different between two sets of experiments, i.e. the peak copper concentration was reached after 48 h in winter experiments and after 24 h in summer experiments. As explained in (Edwards and Sprague, 2001) , under oxic conditions copper metal surface corrodes creating a scale layer which equilibrates with the water, controlling the concentration of free copper. It is common knowledge that the solubility of oxygen decreases as water temperature increase, which might explain the peaking time difference, as more oxygen can be available for reaction with the metal surface during winter experiments. Furthermore, a reaction between free copper and organic matter in solution may happen (Edwards and Sprague, 2001) , and the products of the reaction may be soluble compounds, particulate compounds and precipitates. These reactions may lead to increased concentrations of copper corrosion by-products (Edwards and Sprague, 2001) , maintaining higher free copper concentrations in water than in cases where NOM is not present (Korshin et al., 1996) . As given in Fig. 1C , TOC levels were found to be higher in winter experiments, which might explain the shift in the copper peaking during the winter experiments. A study of (Rushing and Edwards, 2004) revealed that mechanical stresses could develop within pipes as a result of temperature changes. The mechanical stresses within pipes might result in disturbance of the scale, loss of the protection layer and copper release to the drinking water. Changes in temperature, as during the winter experiments when the water temperature changes from 6 C to 20.5 C in DDWSs, might induce the mechanical stresses which in turn may lead to the higher release of copper (up to 300 mg/L) during the winter experiments. In both experimental sets, after reaching the maximum copper concentrations in stagnant water, copper levels were found to decrease. This phenomenon was previously explained by the depletion of dissolved oxygen and subsequent precipitation of dissolved cupric ions as cuprous oxide after reacting with metallic copper (Lytle and Schock, 2000) .
Water stagnation also promoted leaching of zinc from brass elements (Fig. 3) , which was already documented in several studies on the influence of stagnation on zinc leaching (Lytle and Schock, 1996; Quevauviller and Thompson, 2005; Sorlini et al., 2014) . The difference in released zinc between the samples from the kitchen and shower tap (~100 mg/L) might also be due to the microclimate conditions around the set-up. After peaking, a drop in zinc concentrations was observed with the increase in stagnation time. As NOM has negligible effect on leaching of zinc from brass elements (Korshin et al., 2000) , the decrease in zinc concentrations can be related to the drop in dissolved oxygen levels in stagnant water, because oxygen is the limiting parameter in the zinc leaching process (Turner, 1962) , after which the precipitation of the corrosion product (meringue) on pipe surface may happen (Zhang, 2009) .
The concentrations of TOC decreased with the stagnation of water in the copper DDWS (Fig. 4) . A larger decrease in the TOC content was observed during the winter experiments, than in the summer experiments. As given before, free copper may react with organic matter in water and the products of the reaction may be soluble compounds, particulate compounds and precipitates (Edwards and Sprague, 2001) , followed by the precipitation and/or sorption of the products on the pipe surfaces. Moreover, according to the scanning electron microscopy of biofilms present on copper surfaces, two distinct layers can be distinguished: a layer of extracellular polymeric substances in direct contact with the copper and a layer comprising the microorganisms which are not embedded in the extracellular polymeric substances, as cited in (Momba et al., 2000) . The extracellular polymeric substances contain functional groups which provide bonding sites both for metal cations and NOM (Qin-qin et al., 2012; Wang et al., 2012) . Organic carbon is usually considered as a limiting factor for the growth of microorganisms in water distribution systems. Theoretically, 1 mg/L of organic carbon is enough to stimulate the growth of 10 3 e10 4 cell/mL (Prest et al., 2016a) . During the winter experiments, an increase in ICC concentrations was observed (5 Â 10 4 cell/mL), which might imply that only 1e10% of the measured drop in TOC might have been consumed by bacteria during the water stagnation. The growth of HPC bacteria depends on different parameters such as temperature, disinfectant residual, nutrient concentrations, corrosion control and pipe material (LeChevallier et al., 1996b; Volk et al., 2000) . In our study, the numbers of HPC bacteria were found to be influenced by stagnation time in the DDWS, whereas an increase in HPC levels was measured (Fig. 5A ) during the winter experiments. The increase in HPC counts during the stagnation in the winter experiments is consistent with findings from a study (Lehtola et al., 2007) , in which stagnation time of 16 h resulted in up to 10-fold higher numbers of HPC compared to the HPC levels after 40 min of stagnation of fresh water (with average fresh temperature of 13.9 C). On the other hand, data from the summer experiments show that HPC concentrations increase in some cases with stagnation time, but no consistent pattern was observed. Though the data were found to be too scattered to be conclusive, a possible reason for this observation could be biofilm attachment/detachment in the stagnant water (Hunt et al., 2004; Lautenschlager et al., 2010) .
Results from culture independent measurements, such as ATP and flow cytometry measurements, revealed that water stagnation influenced the cell numbers and viable biomass in both winter and summer experiments (Figs. 6 and 7) . During the winter experiments, increased ICC concentrations and ATP levels were measured in stagnant samples, despite the higher concentrations of copper in stagnant water ( Fig. 2A) , and its toxicity for bacteria (Thurman et al., 1989) . This observation suggests that copper was not toxic to all bacteria, as some bacteria can develop complex resistance mechanisms under elevated copper concentrations (Bondarczuk and Piotrowska-Seget, 2013) .
The increase in ICC in the first 24 h during the winter experiments (Fig. 7A ) agrees with the observation from previous research (Boe-Hansen et al., 2002; Lautenschlager et al., 2010; Lehtola et al., 2007) . As in the previous studies, longer stagnation time did not result in a further increase in ICC concentrations, which is most likely due to the substrate limitation (Boe-Hansen et al., 2002; Lautenschlager et al., 2010) . Moreover, during the winter experiments an increase of up to 2.5-fold was measured in ICC-HNA cells in stagnant samples, and the shift in HNA community might be a reason for the 4e8-fold increase in ATP concentrations during the winter experiments (Fig. 6A) . During the summer experiments, on the other hand, water stagnation led to decrease in both ICC and ATP concentrations (Figs. 6B and 7B) , while the HNA footprint of all stagnant water samples didn't change considerably during stagnation (~50% of ICC bacteria were ICC-HNA bacteria). To our knowledge, similar findings were never reported before, and therefore a hypothesis is that the decrease in ICC and ATP may be due to substrate limitation and/or bacterial death through starvation (Morita, 1997) . Previous research on the biological stability of drinking water produced and distributed by Evides Waterbedrijf (The Netherlands), showed that assimilable organic carbon (AOC), a portion of the TOC that can be utilized by microorganisms, exhibited a reverse seasonal trend compared to the water temperature. The lowest AOC concentrations (3.5 mg/L) were measured at highest water temperature, while the highest AOC concentrations (41.4 mg/L) were detected at low drinking water temperatures at the water treatment facility (Prest et al., 2016b) . With high water temperatures, low AOC content could be further reduced during the distribution phase, leaving the limited amount of AOC growth in DDWSs. On the other hand, during the winter months with low fresh water temperatures, favorable growth conditions, in terms of temperature, could only be met in the DDWS, where the ambient temperature was 16e26 C.
Furthermore, the overnight stagnation of 10 h led to increased ICC, ATP and HPC levels, i.e. when the fresh water temperature was lower than 17 C (16 C for HPC), while a reduction in ICC, ATP and HPC concentrations was found when the fresh water temperatures were higher than 17 C (16 C for HPC) as presented in Fig. 8 . Earlier studies (Lautenschlager et al., 2010; Lehtola et al., 2007; Lipphaus et al., 2014; Prest et al., 2013; Zhang et al., 2015) on water quality in experimental and real DDWSs showed that the overnight stagnation of water in DDWSs can lead to increased cell concentrations and higher bacterial community metabolic activity. Still, these studies were conducted during colder months, with temperatures of fresh water ranging from 4.2 C to 13.9 C. What might have happened during overnight water stagnation under higher fresh water temperatures, remains unclear from the listed studies. A possible reason for the decrease in ICC, ATP and HPC when freshwater was higher than 17 C (16 C for HPC) can be substrate limitation following the starvation e induced death or bacterial accumulation on the pipe wall (Garrett et al., 2008) .
Biofilm
After an operational period of 14 months, biofilms were sampled from two locations, kitchen and shower. An additional DDWS with the piping extension for a fire sprinkler system accommodation (extra loops before the shower tap) was run in parallel according to the same stochastic water demand patterns. The biofilm results (obtained by HPC, ATP, FCM methods) for the kitchen pipes from the two systems were similar (unpublished data presented in Supplemental Table S3 ). Moreover, high similarity (>98%) at the genus level was also found between biofilm samples from the two kitchen taps, showing the reproducibility of the experiment. The results presented in Table 1 show that the viable microbial biomass (ATP/cm 2 ) was similar in the kitchen and shower biofilms. Considerably higher values of total, intact and culturable counts were observed in the biofilm from the shower pipe, which might be due to the less frequent use of the pipe and higher ambient temperature on the 2nd floor, where the shower pipe is located. However, the authors were unable to explain the discrepancies between ATP and FCM/HPC results for kitchen and shower pipe biofilms. The biofilm densities expressed by TCC and ICC measurements agree well with previously reported densities, which ranged from 10 4 to 10 7 cell/cm 2 . Measured ATP and HPC concentrations are below the reported ranges in biofilms formed in drinking water distribution systems, which were from 40 to 4000 pg ATP/cm 2 and 10 4 e10 7 CFU/cm 2 (Boe-Hansen, 2001; Inkinen et al., 2014; Kalmbach et al., 1997; Lehtola et al. 2004 Lehtola et al. , 2006 Liu, 2013) . Low HPC and ATP levels can be because in this study water was mainly stagnant in the DDWS system, while in most studies water was continuously flowing through the pipesintroducing new nutrients for bacteria to grow within the biofilm phase. Our results also show that less than 0.01% of the total bacteria in biofilms are culturable, estimated by the traditionally applied HPC approach, which is in line with the conclusion from above-mentioned studies that the portion of biofilm culturable bacteria is as little as 0.01% to several percents of the total cell concentration. Moreover, the community differences were also observed in biofilm samples from the kitchen and shower pipes, and this observation supports the finding that biofilm bacterial communities may be affected by infrequent flow conditions (Inkinen et al., 2016) . According to the sequencing analysis, Proteobacteria were identified as the most dominant phyla in both water and biofilm samples, ranging from 61% to 80% (Fig. 9 A) , which has also been reported in earlier research (Eichler et al., 2006; Liu et al., 2013; Lührig et al., 2015; Magic-Knezev et al., 2009; Prest, 2015) . Despite the fact that copper is toxic to bacteria when present under higher concentrations, copper is an essential element for cell metabolism. The dual characteristic of copper has forced bacteria to develop complex resistance mechanisms in order to survive under excessive copper concentrations (Bondarczuk and PiotrowskaSeget, 2013) . For instance, genus Sphingomonas (order Sphingomonadales) is associated with the corrosion of copper pipes and the biosorption of copper (Vilchez et al., 2007; White et al., 1996) , as it contains the copper resistance (copA) genes (Altimira et al., 2012) . The presence of Sphingomonadales in the biofilms (24e35% of the biofilm OTU's) indicates high copper tolerance. Furthermore, an uncultured group of Alcaligenacea (15e20% of the biofilm OTU's) was identified, and Alcaligenes eutrophus is known for its tolerance to high zinc concentrations. Sedimenticola (11e21%) and Gemmatimonas (2e7%), on the other hand, are able to utilize various electron acceptors (Carlstr€ om et al., 2015; Nancharaiah and Lens, 2015; Zhang et al., 2003) , and their presence in biofilms suggests that specific redox-conditions on the copper pipe surface have an impact on the biofilm differentiation.
Conclusions
Stagnation promoted leaching of copper and zinc from pipes and fixtures during the summer and winter stagnation experiments. Maximum copper and zinc concentrations were reached after 48 h of stagnation during the winter experiments and after 24 h of stagnation during the summer experiments, which might be related to the seasonal differences in water chemistry. Overnight stagnation of water in copper pipes influenced microbial parameters measured by HPC, ATP and FCM methods. At low fresh water temperatures, the concentrations of HPC, ICC and ATP increased in stagnant water samples, while at high fresh water temperatures, microbial numbers and viable biomass were found to decrease during the overnight stagnation. From the biofilm analysis, it can be concluded that different biofilm compositions may exist within one DDWS, which can be attributed to the influence of the microclimate in houses and consumption patterns on biofilm formation.
